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Abstract: This study evaluated the efficacy, safety, and molecular correlates of combined treatment with fuzuloparib and
realgar-indigo-naturalis formula (RIF) in patients with platinum-resistant ovarian cancer (PROC). Fourteen heavily pretreated
patients received fuzuloparib (150 mg BID) plus RIF; RIF was escalated from 1.62 g TID to 2.43 g TID during the initial
three-patient dose-escalation phase, after which the other 11 patients received the recommended phase-1I dose of 2.43 g TID. The
objective response rate (ORR) was 14.3%, with two patients achieving a partial response and 35.7% of patients achieving a CA125
response. The median progression-free survival (mPFS) and overall survival (mOS) were 2.25 and 9.5 months, respectively.
Clinical responses were evident irrespective of BRCA status, with a trend toward longer survival among HRD-positive patients.
The combination was generally well tolerated, with adverse events predominantly classified as grade 1-2. Integrated proteomic
and metabolomic profiling identified pathways related to detoxification, lipid metabolism, and serotonin signaling as potential
molecular correlates of poor response, whereas longitudinal profiling revealed dynamic immune and metabolic changes during
disease progression. Given the small, clinically heterogeneous, and heavily pretreated cohort, these preliminary efficacy findings
should be interpreted with caution. Overall, fuzuloparib plus RIF demonstrated clinical feasibility and preliminary antitumor
activity, warranting further evaluation in larger, prospective cohorts.
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1 Introduction

Ovarian cancer is the third most common and the most lethal gynecologic malignancy worldwide (Bray et
al., 2024). In 2022, approximately 324,603 new cases and 206,956 deaths from ovarian cancer were reported
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worldwide, including approximately 61,060 new cases and 32,646 deaths in China
(https://gco.iarc.who.int/today) (Bray, et al., 2024; Han et al., 2024). For patients with newly diagnosed
advanced ovarian cancer, standard treatment consists of primary or interval cytoreductive surgery followed by
platinum-based chemotherapy, with or without bevacizumab (Richardson et al., 2023). Although frontline
therapy achieves response rates of approximately 75%-80%, approximately 70% of patients with stage I1I/IV
disease experience recurrence within 6 months after completion of platinum-based therapy (Ledermann et al.,
2018; Colombo et al., 2019; Yang et al., 2022). The prognosis of patients with advanced-stage disease remains
poor, with reported 5-year survival rates of approximately 42% for stage 111 and 29% for stage IV disease (Torre
et al., 2018; Konstantinopoulos and Matulonis, 2023).

Patients with platinum-resistant ovarian cancer (PROC) have limited therapeutic options, with current
treatment generally consisting of sequential single-agent non-platinum chemotherapy or enrollment in clinical
trials (Ledermann et al., 2013; Davis et al., 2014). According to the 2024 National Comprehensive Cancer
Network (NCCN) guidelines, non-platinum regimens, including cyclophosphamide, docetaxel, etoposide,
gemcitabine, liposomal doxorubicin, paclitaxel, and topotecan (either alone or combined with the
anti-angiogenic agent bevacizumab), provide limited clinical benefit in this context. Reported objective
response rates (ORRs) are generally below 12%, while progression-free survival (PFS) is typically less than 4
months and overall survival (OS) is generally less than 12 months (Barber et al., 2013; Pujade-Lauraine et al.,
2014; Colombo, et al., 2019). Moreover, these treatments can cause substantial toxicity, resulting in neuropathy,
neutropenia, alopecia, or palmar-plantar erythrodysesthesia, which can negatively affect patients’ quality of life
(Lindemann et al., 2017; Richardson, et al., 2023). Therefore, there is a critical need for effective and tolerable
treatment strategies for PROC.

Poly(adenosine diphosphate-ribose) polymerase (PARP) inhibitors (PARP1), including niraparib, olaparib,
rucaparib, and fuzuloparib, have become important targeted therapies for ovarian cancer, particularly in tumors
with defects in homologous recombination-mediated DNA repair, such as BRCA1/2 mutations or homologous
recombination deficiency (HRD) (Kaufman et al., 2015; Oza et al., 2017; Moore et al., 2019; Li et al., 2021).
PARPis have demonstrated substantial clinical benefit, particularly as first-line or platinum-sensitive
relapse-maintenance therapy (Kaufman, et al., 2015; Kim et al., 2015; Matulonis et al., 2016; Shoaib et al.,
2025). Their activity is closely related to the concept of synthetic lethality, whereby inhibition of
PARP-mediated DNA repair preferentially compromises the survival of tumor cells with impaired homologous
recombination repair (Coleman et al., 2017; Moore et al., 2018; Gonzalez-Martin et al., 2019; Li, et al., 2021;
Disilvestro et al., 2023; Lorusso et al., 2024). However, the efficacy of PARP-inhibitor monotherapy remains
limited in platinum-resistant disease, with reported ORRs ranging from 4-13% in patients with HRD-negative
or unknown tumors and approximately 10-38% in HRD-positive patients (Gelmon et al., 2011; Moore, et al.,
2019; Swisher et al., 2021). These findings highlight the need for combination strategies that could enhance
PARP-inhibitor activity and overcome resistance in PROC.

Realgar-indigo-naturalis formula (RIF) is a traditional Chinese oral medicine formulation containing
realgar (arsenic sulfide), indigo naturalis (Qing Dai), radix pseudostellaria, and radix salviae miltiorrhizae, and
has demonstrated potential antitumor activity (Zhu and Huang, 2014; Zhu et al., 2018; Lou et al., 2020; Ma et al.,
2022). Our previous studies showed that arsenic-containing compounds, including those present in RIF, can
sensitize homologous recombination-proficient ovarian cancer cells to PARPi, including niraparib, olaparib,
and fuzuloparib (Xu et al., 2021). This sensitization is associated with increased DNA damage and enhanced
tumorcell apoptosis. We also demonstrated that the combination of RIF with PARP1 increased DNA damage,
inhibited tumor-cell proliferation, and suppressed tumor growth in ovarian cancer models without significant
additional toxicity (Xu, et al., 2021). Consistent with these findings, arsenic combined with olaparib has been
reported to overcome platinum resistance in ovarian cancer cells through the induction of apoptosis and
ferroptosis (Tang et al., 2022). Together, these preclinical findings provide a rationale for investigating RIF in
combination with PARP inhibition in PROC.

In this study, we evaluated the safety, preliminary efficacy, and potential molecular correlates of
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fuzuloparib combined with RIF in patients with PROC, using a Phase I/II dose-escalation and expansion design.
In addition to assessing the clinical activity and tolerability of this combination, we performed longitudinal
plasma proteomic and metabolomic profiling to explore molecular features associated with treatment response,
CA125 dynamics, and BRCA/HRD status, with the aim of providing translational insights into potential
mechanisms of treatment response and resistance.

2 Materials and methods

Our methods are extensively described in the supplementary materials and methods.
2.1 Study design

This open-label, single-arm, two-stage study was conducted to evaluate the efficacy and safety of a com-
bination treatment of fuzuloparib and RIF in patients diagnosed with platinum-resistant relapsed ovarian cancer.
The fuzuloparib used was kindly provided by Jiangsu Hengrui Pharmaceuticals Co., Ltd., China, and RIF was
supplied by Tianchang Yifan Pharmaceutical Co., Ltd., China. Typically, standard chemotherapy regimens in
these patients result in an ORR ranging from 4% to 16%. We aimed to test the hypothesis that the combination
therapy would increase the ORR to 25%. Fourteen patients were enrolled, comprising individuals diagnosed
with high-grade serous ovarian cancer. Thirteen were recruited from the Women's Hospital, Zhejiang University
School of Medicine, while one was from the Anhui Provincial Cancer Hospital.

2.2 Ethics

The clinical trial protocol received approval from the Institutional Review Boards at both participating
sites (Approval numbers: IRB-20200214-R and IRB-2023-47). Written informed consent was obtained from all
participants prior to any study procedures. The trial is registered at Clinicaltrials.gov (NCT04518501) and was
conducted following the principles outlined in the Declaration of Helsinki and the International Conference on
Harmonization Good Clinical Practice guidelines.

3 Results

3.1 Patient characteristics

Between April 20, 2021 and November 10, 2024, a total of 14 eligible PROC patients were recruited from
two study sites in China and began treatment at Women’s Hospital, Zhejiang University School of Medicine,
and the Anhui Provincial Cancer Hospital. The baseline characteristics of the patients are summarized in
The median age of participants was 58 years (range, 43-74 years). All participants had high-grade serous
ovarian cancer, and the majority had primary tumors originating from the ovary (12 patients, 85.7%), while 2
patients (14.3%) had tumors originating from the fallopian tube. Most patients had an ECOG performance status
of 0 (11 patients, 78.6%). Among the patients, 4 (28.6%) achieved RO status with initial surgical treatment, 5
(35.7%) did not achieve RO status, and 5 (35.7%) did not have a recorded status. All patients had previously
undergone platinum-based therapy; 8 (57.1%) had platinum-refractory disease, while 6 (42.9%) had plati-
num-resistant disease, including 4 (28.6%) who had received more than three lines of platinum-based chemo-
therapy and 2 (14.3%) who had received seven lines of platinum-based chemotherapy. Furthermore, 13 of 14
patients had not received prior PARPi therapy.

Of the 14 patients, 3 (21.4%) had disease confined to the pelvic region, while 11 (78.6%) presented with
extra-pelvic recurrence, including 5 (35.7%) with distant metastases. Regarding the number of metastatic le-
sions, 5 patients (35.7%) had <5 metastatic lesions, while 9 (64.3%) had more than 6, including 3 patients
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(21.4%) with more than 10. summarizes the results of clinical genetic testing. Among the patients, 3
carried a pathogenic germline variant in BRCA1, and 1 exhibited a germline BRCA2 mutation. Of the re-
maining 10 patients without germline BRCA mutations, 1 demonstrated a somatic BRCA1 alteration. Genomic
instability status (GIS) testing was performed on 10 patients, eight of whom tested positive, indicating ho-
mologous recombination deficiency (HRD). Variants in TP53 were identified across 7 archival samples, con-
sistent with the characteristic histology of high-grade serous ovarian cancer (HGSOC). The median duration
from diagnosis to study entry was 23.5 months. The median interval between the completion of the last anti-
cancer treatment and the initiation of study therapy was 2.6 months. As of the data cutoff on November 10, 2024,
the median follow-up period was 8.1 months, with an interquartile range (IQR) of 5.0-17.0 months.

Table 1. Demographics and baseline characteristics

Characteristic N=14
Median age, years (range) 58.5 (43-74)
ECOG Performance Status, n (%)

0 11 (78.6)

1 3(21.4)
Primary tumor location, n (%)

Ovary 12 (85.7)

Fallopian tube 2 (14.3)
High grade serous histology, n (%) 14 (100)
Residual tumor at baseline

RO 4 (28.6)

R1 4 (28.6)

R2 1(7.1)

Unknown 5(35.7)
Number of prior systemic therapies (total), n (%)

<2 8 (57.1)

3-6 4 (28.6)

=17 2 (14.3)
Number of prior lines of therapy for platinum-resistant recurrent disease, n (%)

0 8(57.1)

1 6 (42.9)
Recurrent tumor location prior to enrollment

within the pelvic cavity 3(21.4)

outside the pelvic cavity 6 (42.9)

distant metastasis 5(35.7)
Number of recurrent tumor lesions

<5 5(35.7)

6-10 6 (42.9)

>10 3(21.4)
Median platinum-free interval, months (95% CI) 2.25(1.6-4.4)
Median overall survival, months (95% CI) 9.5 (5-17.3)
Prior PARP inhibitor use, n (%)

yes 1(7.1)

no 13 (92.9)
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Germline alterations, n (%)

BRCA1 pathogenic / likely pathogenic variant 3(21.4)
BRCA2 pathogenic / likely pathogenic variant 1(7.1)
No germline alterations in BRCA1/2 10 (71.5)
Somatic alterations, n (%)
BRCA1 pathogenic / likely pathogenic variant 0
BRCA2 pathogenic / likely pathogenic variant 1(7.1)
No somatic alterations in BRCA1/2 7 (50.0)
Unknown 6 (42.9)
Homologous recombination deficiency status, n (%)
Yes 8 (57.1)
No 2 (14.3)
Unknown 4 (28.6)

RO, complete resection, no macroscopic tumor; R1, optimal resection, macroscopic tumor remaining
1 cm or less; R2, suboptimal resection, macroscopic tumor residue above 1 cm; distant metastasis,
including pleural effusion with positive cytology; liver or splenic parenchymal metastasis; metastasis
to extra-abdominal organs (including inguinal lymph nodes, lymph nodes outside the abdominal
cavity and bone); and transmural involvement of intestine.

3.2 Response to treatment

The dose-escalation trial began with three patients. Patient 1 completed the escalation phase over two cy-
cles, while patients 2 and 3 each completed it in one cycle. During the first week (Days 1-7), patients received
fuzuloparib at a dose of 150 mg BID in combination with RIF 1.62 g TID. In the second week (Days 8-14), the
dosage was adjusted to fuzuloparib 150 mg BID combined with RIF 2.43 g TID. The dosage remained the same
for the third week (Days 15-21), with fuzuloparib 150 mg BID and RIF 2.43 g TID. In the fourth week (Days
22-28), patients continued on fuzuloparib 150 mg BID, but RIF was paused for the week. No dose-limiting
toxicities (DLTs) were observed during the trial. The ORR was 14.3% based on two patients who demonstrated
partial responses according to RECIST v1.1 criteria ( ). Nine patients achieved stable disease (SD),
while disease progression (PD) occurred in three patients. Of those with SD, three patients demonstrated a 20 -
30% reduction in disease burden. Based on the Gynecologic Cancer InterGroup (GCIG) criteria, a CA125
response was observed in 5 of 14 patients (35.7%), with CA125 levels decreasing by more than 50% (

). The median PFS (mPFS) was 2.25 months (95% CI: 1.6-4.4 months; ). The median OS (mOS)
was 9.5 months, with a 95% confidence interval of 5.0-17.3 months ( ). Thirteen patients (92.9%)
experienced fatal outcomes, with all deaths attributed to disease progression.

3.3 Tumor BRCA and HRR mutations

Five patients (35.7%) were identified as BRCAm based on germline and somatic BRCA gene testing,
while nine (64.3%) were classified as non-BRCAm ( ). No significant differences were observed
between these subgroups in terms of mPFS or mOS. The mPFS for the BRCAm subgroup was 2.6 months (95%
CIL: 0.9-6.8), compared with 2.1 months (95% CI: 1.4-2.88) in the non-BRCAm subgroup. For mOS, the
BRCAm subgroup had a median of 6.7 months (95% CI: 3.9-23.9), while the non-BRCAm subgroup had a
median of 12.9 months (95% CI: 5-17.3) ( ). HRD status was evaluable in 10 of 14 patients, including
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8 (80.0%) HRD-positive and 2 (20.0%) HRD-negative patients. HRD status was not evaluable in the remaining
4 patients. Among the eight HRD-positive patients, the mPFS and mOS were 2.5 and 12.0 months, respectively,
compared with 1.35 and 5.3 months, respectively, among the two HRD-negative patients (Figure 1F). Given the
small size of the HRD-negative group, further validation in a larger cohort is warranted. One patient had re-
ceived prior PARP-inhibitor therapy; following treatment with fuzuloparib plus RIF, this patient had a PFS of

2.1 months and an OS of 17.3 months.
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Fig 1. Clinical outcomes and biomarker associations. (A and B) Swimmer plot showing treatment dura-
tion and response for each patient (A), alongside a waterfall plot depicting the best percentage change in
CA-125 from baseline (B). (C and D) Kaplan—Meier plots of progression-free survival (PFS) (C) and
overall survival (OS) (D). (E and F) Impact of BRCA mutation status (E) and homologous recombination

deficiency (HRD) status (F) on median PFS and OS.
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3.4 Adverse events and tolerability

All 14 patients who received the combined treatment were assessed for toxicity and included in the safety
analysis. Adverse events (AEs) associated with the treatment studied are presented in . The majority of
AEs were classified as grade 1 or 2 and were manageable with medical intervention. Although hematological
toxicities are known side effects of both fuzuloparib and RIF, only three patients experienced grade 3 hemato-
logical toxicity (all anemia). Fatigue was commonly reported, with 85.7% of patients experiencing mild to
moderate fatigue (grade 1/2), and 7.1% reporting severe fatigue (grade 3). Renal dysfunction was observed in
57.1% of patients at grade 1/2 severity and in 7.1% at grade 3. Hepatic insufficiency was noted at grade 1/2 in
42.9% of patients. Gastrointestinal AEs such as nausea (grade 1/2: 35.7%; grade 3: 14.3%), vomiting (grade 1/2:
28.6%; grade 3: 7.1%), and abdominal pain (grade 1/2: 14.3%; grade 3: 7.1%) generally presented during the
first cycle of treatment. Electrolyte imbalances occurred in several patients, mostly at grade 1/2, including
hypokalemia, hyponatremia, and hypocalcemia; one patient experienced grade 3 hypocalcemia. In addition, one
patient reported grade 1/2 hematuria. No grade 4 or 5 adverse events were observed.

Overall, 4 patients (28.6%) experienced dose interruptions, with 2 patients requiring interruptions of both
drugs. The AEs leading to dose interruption of fuzuloparib or RIF included renal dysfunction (1 patient),
thrombocytopenia (1 patient), nausea and vomiting with leukopenia (1 patient), and abdominal pain (1 patient).
Additionally, 5 patients (35.7%) required dose reductions, including 2 patients who required reduction of both
drugs. The main AEs resulting in fuzuloparib dose reductions were anemia, thrombocytopenia, and fatigue,
while hepatic insufficiency, nausea and vomiting, and fatigue were the key AEs prompting RIF dose reduction.

Table 2. Summary of AEs occurring in =1 subject possibly

treatment (n=14 subjects) G172 (#pts, %) G3 (#pts, %) Total (# pts, %)
Fatigue 12 (85.7) 1(7.1) 13 (92.8)
Anemia 4 (28.6) 3(21.4) 7 (50.0)
Renal dysfunction 8 (57.1) 1(7.1) 9 (64.2)
Hepatic insufficiency 6 (42.9) 0 6(42.9)
Nausea 5(35.7) 0 5(5.7)
Vomiting 5(35.7) 0 5(5.7)
Thrombocytopenia 4 (28.6) 0 4 (28.6)
Hypokalemia 3(21.4) 0 3(21.4)
Leukopenia 3(21.4) 0 3(214)
Abdominal pain 3(21.4) 0 3(21.4)
Hyponatremia 2(14.3) 0 2(14.3)
Hypocalcemia 1(7.1) 1(7.1) 2(14.3)
Hematuresis 1(7.1) 0 1(7.1)

#No grade 4-5 events occurred on study

3.5 Molecular and metabolic signatures associated with treatment response and CA125 dynamics

To explore the molecular features associated with treatment response to fuzuloparib plus RIF in patients
with PROC, we performed longitudinal plasma proteomic and metabolomic profiling in 12 patients across nine
treatment cycles ( ). Treatment response was evaluated at each cycle and pa-
tients were stratified according to ORR and CA125 dynamics. Detailed proteomic and metabolomic profiling
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results are provided in the supplementary materials ( ). Patients in the ORR Good
group showed significantly longer PFS than those in the ORR Poor group ( ). Baseline proteomic and
metabolomic analyses identified distinct molecular profiles between the two groups ( ). Proteins
up-regulated in the ORR Poor group were primarily associated with WNT and MAPK signaling, pyruvate
metabolism, and cytochrome P450-mediated small-molecule metabolism ( ). Several proteins,
including ITPR1, H2AX, ADH1B, RAC2, LDHC, and ATF2, were significantly associated with PFS (

). Metabolomic analysis further demonstrated elevated levels of 1 metabolites linked to cytochrome
P450-mediated metabolism in the ORR Poor group, with serotonin (5-hydroxytryptamine, 5-HT) emerging as a
prominent metabolite interacting with multiple proteins ( ). Given its role as a pleiotropic
signaling regulator, serotonin may promote tumor-cell proliferation by activating downstream MAPK signaling
and related pathways (Karmakar and Lal, 2021; Zhu et al., 2022), thereby contributing to a poorer therapeutic
response.

CA125 dynamics were also significantly associated with clinical outcomes, with patients in the CA125
Good group exhibiting longer PFS than those in the CA125 Poor group (Supplementary ). Compar-
ative proteomic and metabolomic analyses revealed distinct molecular signatures between the two groups,
characterized predominantly by alterations in lipid metabolism, small-molecule metabolism, and detoxification
pathways (Supplementary ). Notably, UDP-glucuronosyltransferase UGT1A family members,
particularly UGT1A6, were highly expressed in the CA125 Poor group, whereas multiple lysophosphatidyl-
ethanolamine (LysoPE) species were significantly elevated (Supplementary ). Pro-
tein-metabolite interaction analysis further highlighted serotonin-associated signaling and its potential interac-
tion with UGT1A enzymes (Supplementary ). These findings suggested that dysregulated lipid me-
tabolism, detoxification, and serotonin-associated signaling might contribute to unfavorable CA125 dynamics
and poor treatment outcomes.
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Fig 2. Differential protein and metabolite profiles associated with ORR status. (A) Kaplan-Meier sur-
vival curves showing the association between ORR grouping and overall survival (OS) and progres-
sion-free survival (PFS). (B) Volcano plot showing the differences in protein and metabolite expression
levels in plasma samples at Cycle 1 between patients with good and poor ORR. (C) Bar plot showing
pathway enrichment of significantly upregulated proteins in the poor ORR group. (D) Heatmap showing
significantly upregulated proteins in the poor ORR group, involved in related pathways. (E).
Kaplan—Meier survival curves showing proteins from panel D that were significantly negatively associ-
ated with survival outcomes. (F). Heatmap showing differentially expressed metabolites between ORR
groups and the classification of these metabolites. (G). Network plot illustrating the interaction network
of significantly upregulated proteins and metabolites in the poor ORR group.

3.6 Molecular and metabolic characteristics associated with BRCA and HRD status

BRCA1/2 germline mutations are established risk factors for cancer development (Tung et al., 2016;
Bhaskaran et al., 2019). We first compared baseline molecular features between patients with germline
BRCA1/2 mutations (BRCA Mut) and those with wild-type BRCA (BRCA WT). Differential expression
analysis identified distinct proteomic and metabolomic profiles between the two groups (

). Proteins up-regulated in the BRCA Mut group were mainly enriched in HIF-1, VEGFA-VEGFR2, and
MAPK signaling, while the corresponding metabolites were primarily associated with estrogen metabolism and
fatty-acid biosynthesis ( ). Estradiol emerged as a central node in the pro-
tein-metabolite interaction network ( ), suggesting a potential role of estrogen-related
signaling in the molecular characteristics of BRCA Mut patients.

We next compared baseline molecular features between HRD-positive and HRD-negative patients.
HRD-positive patients exhibited distinct proteomic and metabolomic profiles, with up-regulated proteins
mainly enriched in WNT, Ras, and other oncogenic signaling pathways, whereas down-regulated proteins were
associated with T-cell receptor signaling and mast-cell degranulation ( ). Metabolomic analysis
revealed alterations in beta-alanine metabolism, gluconeogenesis, branched-chain amino-acid metabolism, and
tryptophan metabolism ( ). Protein-metabolite interaction analysis identified cAMP and cGMP
as central nodes among up-regulated molecules, while lactate dehydrogenase B (LDHB) was a prominent node
within the down-regulated network and was closely associated with pyruvate metabolism ( ). Collec-
tively, these findings indicated that BRCA and HRD status were associated with distinct proteomic and met-
abolic features, involving alterations in oncogenic signaling, immune pathways, and cellular metabolism.
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Fig. 3 HRD status shapes distinct plasma molecular landscapes. (A) Volcano plot showing the differ-
ences in protein and metabolite expression levels in plasma samples at Cycle 1 between HRD-positive
and HRD-negative patients. (B) Bar plot showing pathway enrichment of significantly upregulated and
downregulated proteins in the HRD-positive group. (C) Heatmap showing significantly upregulated
proteins in the HRD-positive group involved in related pathways. (D) Bubble plot showing pathway
enrichment of significantly upregulated and downregulated metabolites in the HRD-positive group. (E)
Bar plot showing the metabolite categories that were significantly upregulated and downregulated in the
HRD-positive group and the number of metabolites in each category. (F) Network plot illustrating the
interaction network of significantly upregulated and downregulated proteins and metabolites in the
HRD-positive group.

3.7 Time-series profiling reveals dynamic immune-metabolic programs during treatment and progres-
sion

To characterize dynamic molecular changes during treatment, we performed time-series proteomic and
metabolomic profiling of sequential plasma samples from Patient 6 (three time points prior) and Patient 7 (five
time points), with shared sampling points at Cycle 1, Cycle 4, and the PD event. After molecules with missing
values were removed, integrated molecular profiles were clustered using the Mfuzz R package (k = 5). Several
clusters showed concordant temporal patterns between the two patients, corresponding to early treatment (Cycle
1), mid-treatment (Cycle 4), and PD ( ). Pathway enrichment analysis revealed distinct im-
mune and metabolic programs across treatment phases ( ). Early treatment was characterized
by enhanced immune-related signaling and alterations in vitamin B6 and amino acid metabolism. At
mid-treatment, proteins were primarily associated with platelet, cell-adhesion, and Ras signaling, accompanied
by changes in energy metabolism. At PD, proteins were enriched in antigen presentation and phagocytosis,
whereas metabolites were predominantly associated with amino-acid metabolism.

Consistent with these findings, cytokines and CD-marker profiling revealed phase-specific immune sig-
natures ( ). Immuneactivation_associated markers, including ICOSLG, CD36, CD81, ICAM3,
CD226, and CD6, showed increased expression during treatment, whereas ALCAM and ITGAM were elevated
at PD. These changes suggest a shift in the immune milieu toward a potentially tumor-promoting state during
disease progression. Metabolites also displayed distinct temporal patterns, with early-, mid-, and late-treatment
signatures associated predominantly with vitamin B6 metabolism, selenoamino acid, and arginine/proline me-
tabolism, respectively ( ). Collectively, these findings reveal coordinated temporal repro-
gramming of immune and metabolic pathways during treatment and disease progression.
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Fig. 4 Longitudinal analysis of multi-timepoint plasma samples from Patient 6 and Patient 7. (A) Patient
6 had three sampling timepoints and Patient 7 had five, with overlapping timepoints at Cycle 1, Cycle 4,
and PD. Line plots showing expression trends of molecules across different temporal clusters. (B) Venn
diagram showing the number of overlapping molecules in Mfuzz clusters with similar expression trends
between Patient 6 and Patient 7, including: 1) P6_cluster1 and P7_cluster3 (highly expressed at Cycle 4);
2) P6_cluster2 and P7_cluster1 (highly expressed at Cycle 1); and 3) P6_cluster3 and P7_cluster5 (highly
expressed at PD). (C) Bar plot showing pathway enrichment of intersecting proteins from panel B. (D)
Bubble plot showing pathway enrichment of intersecting metabolites from panel B. (E) Heatmap show-
ing CD markers and cytokines highly expressed in different cycles of Patient 6 and Patient 7, grouped as
Early Cycle (Cycle 1), Med-Cycle (Cycle 4), and Late Cycle (PD: Cycle 5 for Patient 6, Cycle 6 for Patient
7). (F) Schematic illustration showing proteins related to immune activation, immune-cell recruitment,
and adhesion that were highly expressed in different treatment cycles. (G) Heatmap showing metabolites
with different expression levels in the early, middle, and late stages of the treatment cycle. (H) Bubble
plot depicting pathway-enrichment results for metabolites significantly upregulated at different stages of
treatment.

4 Discussion

In this investigator-initiated preliminary phase I/II dose-escalation and expansion study, we evaluated the
safety, tolerability, and preliminary efficacy of fuzuloparib combined with RIF in patients with PROC. In this
heavily pretreated population, the combination achieved an ORR of 14.3%, a disease control rate of 64.3%, an
mPFS of 2.25 months, and an mOS of 9.5 months. These findings suggest preliminary antitumor activity in a
clinically challenging population and provide exploratory molecular insights into treatment response and pro-
gression.

Our cohort differed from many previous PARP-inhibitor in PROC cohorts, with a high proportion of
platinum-refractory disease (57.1%) and BRCA wild-type/non-BRCA-mutated tumors (64.3%), representing a
population with limited treatment options and generally modest responses to PARP-inhibitor monotherapy
(O'malley et al., 2023). In the CLIO/BGOG-ov10 trial, olaparib achieved an unconfirmed ORR of approxi-
mately17.9% in PROC, with higher activity in BRCA-mutated tumors, where median PFS was 2.9 months with
olaparib versus 3.8 months with chemotherapy (Vanderstichele et al., 2022). Similarly, the JAVELIN Ovarian
200 trial reported an ORR of 13.3% and mPFS of 3.7 months for avelumab plus pegylated liposomal doxoru-
bicin (PLD) in platinum-resistant or refractory disease, without a significant benefit over PLD alone
(Pujade-Lauraine et al., 2021). The QUADRA trial reported a higher ORR of 27% with niraparib in
BRCA-mutated platinum-resistant/refractory ovarian cancer, whereas response rates were substantially lower
in tumors without BRCA mutations or with HRD-negative/unknown status (Moore, et al., 2019). Differences
across studies may reflect variations in patient characteristics, prior treatment exposure, or disease burden. Thus,
the 14.3% ORR observed with fuzuloparib plus RIF provides preliminary evidence of activity in a heavily
pretreated population, although the small sample size precludes definitive conclusions regarding the contribu-
tion of RIF.

The combination was generally well tolerated, with most adverse events being grade 1-2 and no grade 4/5
events. Dose interruptions and reductions were manageable, and the overall safety profile is consistent with that
reported for other PARP-inhibitor-based combinations (Samol et al., 2012; Li et al., 2022; Liu et al., 2023).
Careful monitoring remains important, particularly in patients with renal or hepatic dysfunction. Given our
previous preclinical findings supporting antitumor activity with low-dose RIF (Xu, et al., 2021), future studies
are warranted to define the optimal dose and therapeutic window of the combination. Clinical responses were
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observed across BRCA status groups, and HRD-positive patients showed a trend toward longer PFS and OS
than HRD-negative patients. Notably, eight of ten patients with evaluable HRD status were HRD-positive, with
a median OS of 12 months. Although these subgroup findings are exploratory, they are consistent with the
established association between HRD and PARP-inhibitor sensitivity (Marconato et al., 2025) and support
further evaluation of HRD as a potential biomarker for patient selection. Larger prospective studies with mo-
lecular stratification are needed to determine whether RIF modifies the relationship between HRD/BRCA status
and treatment response.

An important feature of this study is the integration of longitudinal plasma proteomic and metabolomic
profiling. Patients with poorer ORR or unfavorable CA125 dynamics exhibited molecular signatures involving
detoxification, lipid and small-molecule metabolism, and signaling pathways such as WNT and MAPK. In
particular, serotonin emerges as a prominent metabolite associated with the molecular network of poor response,
suggesting a potential link between metabolic adaptation and signaling regulation. These observations are
consistent with previous studies implicating metabolic adaptation, drug detoxification, and bypass signaling in
PARP-inhibitor resistance (Zou et al., 2025). However, given the exploratory nature of the analysis, these
molecular associations should be considered hypothesis-generating rather than definitive resistance mecha-
nisms. Longitudinal profiling reveals dynamic changes in immune and metabolic pathways during treatment
and disease progression. Early treatment is characterized by immune-related signaling, whereas mid-treatment
exhibits alterations in signaling, adhesion, and energy metabolism. At progression, changes in antigen presen-
tation, phagocytosis, amino acid metabolism, and immune-related markers suggest a shift toward a potentially
tumor-promoting immune milieu. These temporal changes are consistent with emerging evidence that PARP
inhibition can modulate tumor-immune interactions over the course of treatment (Hockings and Miller, 2023).
The concurrent changes in immune and metabolic pathways also suggest that metabolic remodeling may ac-
company, or potentially contribute to, immune adaptation during disease progression. Nevertheless, these ob-
servations are derived from longitudinal samples from only two patients and therefore require validation in
larger cohorts.

Several limitations should be considered. The relatively small cohort size and the heavily pretreated,
clinically heterogeneous population, including a high proportion of platinum-refractory and BRCA
wild-type/non-BRCA-mutated patients, warrant cautious interpretation of the observed clinical outcomes. In
addition, the small number of patients in the molecular subgroups limits the interpretation of subgroup findings.
Overall, these preliminary results warrant further evaluation in larger prospective studies.

5 Conclusions

This study suggests that fuzuloparib combined with RIF is clinically feasible and generally tolerable, with
preliminary antitumor activity in platinum-resistant ovarian cancer. Integrated proteomic and metabolomic
profiling reveal metabolic reprogramming, detoxification pathways, and serotonin signaling as potential re-
sistance mechanisms, while longitudinal profiling reveals dynamic immune-metabolic changes during treat-
ment and disease progression. Given the small and clinically heterogeneous cohort, these findings should be
considered exploratory. Further prospective studies in larger, molecularly characterized cohorts are warranted
to validate these observations and investigate the potential roles of RIF and biomarkers, particularly HRD status,
in treatment response.
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